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Abbreviations 
bZIP  Basic region leucine zipper 
cDNA  Complementary deoxyribonucleic acid 
Cont  Control 
CMV    Cucumber mosaic virus 
DTT  Dithiothreitol 
ER  Endoplasmic reticulum 
HR      Hypersensitive response 
IRE1  Inositol requiring enzyme 1 
La3+  Lanthanum Chloride 
MAPK  Mitogen activated protein kinase  
MKK  Mitogen activated protein kinase kinase 
mRNA  messenger ribonucleic acid 
MS  Murashige-Skoog 
PA  Polyamine  
PCR  Polymerase chain reaction 
Put  Putrescine 
qRT-PCR Quantitative reverse transcription polymerase chain reaction 
RNA  Ribonucleic acid 
RT  Reverse transcription 
RT-PCR  Reverse transcription-polymerase chain reaction 
SIPK    Salicylic acid induced protein kinase 
Spd  Spermidine 
Spm  Spermine 
SPS  Spliced bZIP60  
SPU  Unspliced bZIP60 
TF  Transcription factor 
TMV  Tobacco mosaic virus 
T-Spm  Thermospermine 
UPR  Unfolded protein response 
WIPK  Wound-induced protein kinase 
WT   Wild type  
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Summary 
 
Polyamines (PAs) are low molecular weight, aliphatic compounds and they are 
ubiquitously present in almost all living organisms. Major PAs are putrescine (Put), 
spermidine (Spd), spermine (Spm) and thermospermine (T-Spm) in plants. Those 
molecules play critical roles in a plenty of physiological processes such as adaptive 
responses against various environmental stresses as well as growth, development and 
senescence.  
   The former laboratory members, Dr. Yoshihiro Takahashi and Ms. Yoshiko Mitsuya, 
found that Spm secreted to the apoplast has a signaling role to induce the expression of 
defense-related genes and cell death-associated genes in Nicotiana tabacum infected 
with tobacco mosaic virus and in Arabidopsis thaliana infected with cucumber mosaic 
virus, respectively, via mitochondrial dysfunction and activation of MAPK cascade 
phosphorylation relay. They named it ‘Spm-signaling pathway’. Furthermore, they 
massively identified the Spm-responsive genes in A. thaliana. Among them, the gene 
(bZIP60) encoding a basic region leucine zipper 60 protein (bZIP60) was included. 
Intriguingly this transcription factor gene is one of the key components in unfolded 
protein response (UPR), which is a cellular stress response that is activated by the 
accumulation of unfolded proteins and/or misfolded proteins in the luminal spaces of 
the endoplasmic reticulum (ER). Progressed research in that field further identified two 
more key component genes, bZIP17 and bZIP28, of the UPR in Arabidopsis.  
Based on the above background, I initially addressed whether Spm is able to induce 
only the bZIP60 expression or the expression of all the three bZIP genes. I also 
examined the upstream components of the Spm-triggered UPR pathway.   
I showed that Spm induces the expression of bZIP17, bZIP28 and bZIP60, and their 
respective downstream target genes. I propose that Spm is a novel UPR inducer in plant. 
Spm treatment also activated the splicing of the bZIP60 transcript. In Arabidopsis, there 
are two IRE1 genes, IRE1a and IRE1b. The encoded proteins sense unfolded proteins in 
the lumen of the ER by their N-terminal domains which leads to enzyme auto-activation. 
Then the active endoribonuclease domain splices bZIP60 mRNA. In the double 
knock-out mutant, ire1aire1b, Spm-induction of bZIP60 splicing and expression of 
Bip3, a target gene of the active bZIP60, was strongly attenuated, indicating that 
Spm-induced bZIP60 splicing is mediated by IRE1. I also showed that Spm recruits 
bZIP17, and bZIP60 proteins to nuclei in plant cells using GFP-protein fusion method. 
In N. tabacum, NtMEK2 and two MAPKs, WIPK and SIPK, were identified as the 
MAPK cascade components in the Spm-signaling pathway. The upper components of 
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this signaling pathway are Ca2+ channel activation and production of reactive oxygen 
species by polyamine oxidase action. In Arabidopsis, 10 MKK genes exist. I tested the 
expression of MKK1 to MKK10 in Spm-treated Arabidopsis seedlings and found that 
MKK9 expression is clearly enhanced in Spm-treated samples. MPK3 (WIPK ortholog) 
and MPK6 (SIPK ortholog) are identified as downstream kinases of MKK9.  Spm 
induced MPK3 and MPK6 expression. I tentatively concluded that MKK9 and 
MPK3/MPK6 are the MAPK cascade components in Arabidopsis. When I applied La3+, 
a Ca2+ channel blocker, the expression of bZIP17, bZIP28 and bZIP60 by Spm 
treatment was abrogated, indicating that Ca2+ entry to the cell positioned upstream of 
these key bZIP genes’ induction. Furthermore, the induction of bZIP17, bZIP28 and 
bZIP60 was totally compromised in the mkk9 mutant. The result shows that 
Ca2+-mediated signal triggers the activation of MKK9-MPK3/MPK6 cascade, which 
induces the UPR. In addition, I happened to find that the Spm-induced BiP3 transcript is 
longer than that of DTT-induced one. Further analysis revealed that the transcript 
induced by Spm contained all the introns and the transcriptional start site differs from 
the one of the DTT-induced transcript. Currently I am investigating the physiological 
significance of this finding. Considering all the results, I discuss the relevance of 
Spm-induced UPR in defense response against pathogens. 
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Introduction 
 
Polyamines (PAs) are low-molecular weight, aliphatic compounds and they are 
omni-present in all organisms (Cohen 1998; Tabor and Tabor 1984). In plants, major 
PAs are putrescine (Put), spermidine (Spd), spermine (Spm) and thermospermine 
(T-Spm) (Takano et al. 2012; Knott et al. 2007). These molecules have important roles 
in various physiological processes not only in embryogenesis, growth, development and 
aging/senescence but also in adaptation responses to abiotic and biotic stresses (Alcazar 
et al. 2010; Berberich et al. 2015; Kusano et al. 2008; Tiburcio et al. 2014).  
   PA precursors are ornithine and/or arginine. Ornithine is converted to Put by 
ornithine decarboxylase (ODC), while arginine is converted to Put via agmatine by 
three steps of enzyme reactions; arginine decarboxylase (ADC), agmatine 
iminohydrolase and N-carbamoylputrescine amidohydrolase. Put is converted to Spd by 
Spd synthase, in which another substrate, decarboxylated S-adenosylmethionine 
(dcSAM), is required. dcSAM is synthesized by S-adenosylmethionine decarboxylase 
(SAMDC) from S-adenosylmethionine (SAM). Spd is further converted either to Spm 
by Spm synthase (SPMS) or to T-Spm by T-Spm synthase, also called ACAULIS5 
(ACL5). SPMS and ACL5 also require dcSAM as another substrate (Kusano et al. 
2008; Alcazar et al. 2010; Takahashi and Kakehi 2010). In Arabidopsis, the absence of 
ODC gene is reported (Hanfrey et al. 2001).  
 
Fig. 1. Polyamine biosynthesis pathway in plants. 
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Thus Put is synthesized only by the ADC pathway in this organism. On the other 
hand, PA catabolism is governed by two enzymes: the one is copper-dependent amine 
oxidase (CuAO) and the other is polyamine oxidase (PAO) (Kusano et al. 2015). In 
Arabidopsis, there are more than 10 CuAOs and 5 PAOs. All the latter enzymes are 
characterized (Kusano et al. 2015).  
As mentioned, involvement of PAs and their metabolism in the defense responses 
against pathogens is described (Walter 2003a, 2003b). PAs and their oxidative products 
by CuAO and PAO play crucial roles in plant defense responses (Berberich et al. 2015, 
and the references therein). When Nicotiana tabacum carrying the resistance gene N 
was infected by Tobacco mosaic virus (TMV), host plant displayed a hypersensitive 
response (HR). Once HR occurs, it is known that the tissues surrounding the TMV 
infection sites were killed by a suicidal reaction to prevent the virus multiplication. In 
1998, Yamakawa et al. reported that Spm enriched in the apoplastic space during HR 
triggered by N. tabacum-TMV pathosystem. Subsequently Takahashi et al. (2003, 2004) 
found that exogenously applied Spm stimulates the phosphorylation activities of two 
MAPKs, wound-induced protein kinase (WIPK) and salicylic acid-induced protein 
kinase (SIPK) which trigger the expression of downstream defense genes in N. tabacum. 
Those authors proposed the pathway to call ‘Spm-signaling pathway’.  
 
Fig. 2. Spm-signaling pathway.  
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Massive identification of the Spm-responsive genes using a SuperSAGE approach 
was performed in Arabidopsis thaliana (Mitsuya et al. 2009). The identified 
Spm-responsive genes behaved similarly during Cucumber mosaic virus 
(CMV)-induced HR in A. thaliana (Mitsuya et al. 2009). One of the upregulated genes 
by Spm was a gene (bZIP60) encoding a basic region leucine zipper 60 protein. bZIP60 
was reported as a key transcription factor (TF) gene which is involved in the unfolded 
protein response (UPR) (Iwata and Koizumi 2005). UPR is induced, when unfolded or 
misfolded proteins are accumulated in the endoplasmic reticulum (ER), to refold or 
degrade the corresponding proteins (Iwata and Koizumi 2012; Liu and Howell 2010; 
Howell 2013). Three bZIP-type proteins, bZIP17, bZIP28 as well as bZIP60, govern 
UPR in Arabidopsis (Liu and Howell 2010; Iwata and Koizumi 2012; Howell 2013). 
Those bZIP proteins reside in the ER under unstressed conditions, and once they sense 
ER stress, the former two proteins move to the Golgi apparatus and migrate to the 
nucleus after proteolytic processing by site 1 and site 2 proteases (S1P and S2P) (Liu et 
al. 2007a, 2007b).  
 
 
Fig. 3. Activation of UPR-signaling pathway. 
 
 8 
 
In contrast, bZIP60 transcript is unconventionally spliced by an RNase activity of 
inositol-requiring enzyme 1 (IRE1) and the product of the resulting spliced transcript is 
recruited to the nucleus. The Arabidopsis genome contains two IRE1 genes, AtIRE1A 
(At2g17520) and AtIRE1B (At5g24360) (Deng et al. 2011; Nagashima et al. 2011; Liu 
and Howell 2010; Srivastava et al. 2013; Iwata and Koizumi 2012). Several chemicals 
such as tunicamycin (TM) and dithiotreitol (DTT) are known to be UPR inducers. TM 
inhibits the N-linked glycosylation and DTT inhibits the disulfide bond formation, both 
of which are important for protein maturation.  
 
With the above background, in my Ph.D. thesis, I aim to reveal the following points: 
(i) Does Spm only act on bZIP60 or does it induce the whole UPR in Arabidopsis? (ii) 
What are the upstream components in Spm-induced UPR pathways? (iii) Spm activated 
bZIP60 leads to the BiP3 induction. Unlike the BiP3 induction by a canonical UPR 
inducer, DTT, the size of BiP3 transcript induced by Spm was longer. I examine to 
uncover its structure and discuss a physiological significance of this finding. 
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Materials and methods 
Plant growth conditions 
Arabidopsis thaliana ecotype Columbia-0 (Col-0) is used as wild type (WT). 
T-DNA insertion mutants, ire1a (SALK_018112), ire1b (SAIL_238_F07), bzip60 
(SALK_050203), Atmpk6 (SALK_004048), Atmpk3 (SALK_151594) were obtained 
from Arabidopsis Biological Resource Center, while Atmkk9 (SAIL_60_H06) was 
kindly provided from Dr. Dongtao Ren (China Agricultural University). ire1aire1b was 
obtained by the crossing of ire1a and ire1b. Seeds were surface sterilized by 70% EtOH 
for 1 min, then by 1% sodium hypochlorite and 0.1% Tween-20 solution for 15 min and 
followed by washing three times with sterilized water. Sterilized seeds were sown on 
half strength MS medium (1% w/v agar, 1% w/v sucrose, 0.25% MS salts, 0.05% 
vitamin B5, pH 5.6) in a growth chamber at 22ºC under 16 h light/ 8 h dark conditions. 
Nicotiana benthamiana seeds were surface sterilized as described above and grown on 
soil for 2 weeks and then transfer to individual pots with soil and vermiculite at top for 
another 4-6 weeks in a growth chamber at 25ºC. 
 
Various treatments 
Ten-day-old Arabidopsis seedlings were incubated in ½ MS salt solution with and 
without Spm (0.5 mM) for 12 h under continuous light. PA treatment: 0.5 mM 
concentration of PAs were used and incubated for 12 h at 22°C. DTT treatment: DTT 
was applied at 2 mM concentration for 5 h in ½ MS solution. Salicylic acid (SA) 
treatment: SA was applied at 0.5 mM for 10 h. Lanthanum chloride (LaCl3) treatment: 
10-day-old seedlings were incubated in ½ MS solution with/without 0.5 mM Spm and 
0.5 mM La3+ for 12 h. 
 
Genomic DNA extraction 
Plant genome DNA was extracted by cetyltrimethylammonium bromide (CTAB) 
method (Murray and Thompson, 1980). In brief, plant rosette leaves were homogenized 
in CTAB buffer (140 mM Sorbitol, 220 mM Tris-HCl pH 8.0, 22 mM Na-EDTA pH 8.0, 
80 mM NaCl, 1% Sarkosyl, 0.8% CTAB). Homogenate was incubated at 65°C for 10 
min. and then add chloroform followed by centrifugation at 15,000 rpm for 5 min at 4°C. 
The supernatant was recovered, precipitated by isopropanol and collected by 
centrifugation at 15,000 rpm for 10 min at 4°C. The precipitate was resuspended in TE 
(10 mM Tris-HCl, pH 8.0, 1 mM EDTA) buffer. 
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Total RNA extraction and RT-PCR 
Total RNA was extracted from the respective plants samples after treatments using 
Sepasol-RNA I Super (Nacalai Tesque, Kyoto, Japan). The extracted RNA was then 
subjected to DNaseI treatment (Takara DNase, Japan). First strand DNA was 
synthesized with ReverTra Ace (Toyobo Co. Ltd. Osaka, Japan), oligo-dT primers and 
dNTPs. AtActin was used as a loading control. The primers used for RT-PCR were 
listed in Table 1. 
 
DNA Sequencing 
The DNA fragment and the recombinant plasmid DNAs were purified and subjected 
for sequencing PCR with BigDye Terminator v. 3.1. The PCR products were then 
purified and analyzed by using Hi-Di formamide (Applied Biosystems 3130/3130xl 
Genetic Analyzers).  
  
Real-time quantitative RT-PCR analysis 
The quantitative RT-PCR (qRT-PCR) analysis was performed with SYBR ®Green 
RT-PCR Kit (FastStart Universal SYBR Green Master, ROX) and detected by StepOne 
Real-Time PCR System (Applied Biosystems). A standard curve was constructed from 
different genes and the values were normalized to Actin levels. The primers used for 
qRT-PCR were described in Table 2. 
 
bZIP60 splicing assay 
bzip60 splicing assay was performed using following primers (listed in Table 1); for 
detecting a unspliced form (SPU), bZIP60-F primer and bZIP60-UB1 reverse primer, 
and for detecting a spliced form (SPS), bZIP60-F, a common forward primer, and 
bZIP60-SB2 reverse primer.  
 
Construction of green fluorescent protein (GFP) fusion plasmids, biolistic 
bombardments and microscopic observation 
The basal GFP vector was constructed as described previously (Ono et al. 2012). 
Briefly, a GFP coding fragment was amplified by PCR using pGFP2 (provided by Dr. 
N.-H. Chua). The fragment was double-digested with BamHI and SmaI, and subcloned 
into the pBI221 vector (Invitrogen), yielding pBI221GFP. Next, the internal two SacI 
sites of AtbZIP17 coding region were mutated without changing the amino acid 
sequence by two-step PCR. Then, a second PCR was performed on the respective 
mixtures of the first PCR products using the primers, AtbZIP17-SmaI-F and 
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AtbZIP17-Sac_M-Rv (Table 3). The coding region of AtbZIP60 was amplified by PCR. 
The resulting AtbZIP17 and AtbZIP60 fragments digested with SmaI and SacI were 
subcloned into the same restriction enzyme sites of pBI221GFP, yielding 
pBI221GFP-AtbZIP17 and pBI221GFP-AtbZIP60, respectively. The resulting 
GFP-AtbZIPs’ constructs were bombarded into onion bulbs by particle bombardment. 
ER-targeting DsRED plasmid (Okamoto et al, 2008) or nuclear-targeting 
mCherry-VirD2_NLS plasmid (CD3-1106, purchased from ABRC) was co-bombarded. 
After incubating the onion bulbs with or without Spm (or DTT) at 22°C for 16 h under 
darkness, onion epidermal cells were peeled and placed onto glass slides and observed 
with a fluorescence microscope (BX61; Olympus). The primers used were listed in 
Tables 3. 
  
 
Agrobacterium-mediated transient expression assay 
Potato virus X (PVX) expression vector, pGR106 plasmid was used for agro 
infiltration. Spm-induced and DTT-induced BiP3 cDNAs were purified and digested 
with NotI and SalI. The resulting fragments were subcloned into the respective 
restriction sites in pGR106, yielding pGR106:Spm-Bip3 and pGR106:DTT-BiP3. For 
Bax-induced cell death assay, the plasmid pE12Ώ.Bax was used, which was kindly 
provided by Dr. Ichiro Mitsuhara (Senior Principal Researcher, National Institute of 
Agrobiological Sciences, Tsukuba, Japan).  
The respective plasmids were transformed into the Agrobacterium tumefasciens 
strain GV3101 by heat shock method (Hanahan, 1983) and grown at 28ºC for 2 days on 
LB plate containing kanamycin (50 µg/mL). The transformants were grown in LB broth 
containing kanamycin (50 µg/ml) for overnight. One ml of the preculture was 
transferred to 100 ml fresh LB with appropriate antibiotic and further grew at 28°C until 
OD600 reached around 0.5 to 1. The cells were harvested by centrifugation at 3,500rpm 
for 15 min at 4ºC, and resuspended in the agroinfiltration solution (10 mM MES, pH 
5.6; 10 mM MgCl2 and 150 µM acetosyringone) and adjusted into OD600 around 1.0. 
The bacterial cultures were incubated at room temperature (RT) for 2-3 h, then 
infiltrated into N. benthamiana leaves. The infiltration was performed using a 
needle-less syringe at the abaxial side of N. benthamiana leaves and incubated for 48 h 
under normal photocycle (16 h light/8 h dark) condition at 25ºC. At 48 h after 
infiltration, leaf phenotype was observed. 
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PA analysis 
 PA analysis was performed as described in Naka et al. (2010). In brief, plant 
samples (0.3-0.5 g per sample) were pulverized with a motor and pestle under liquid 
nitrogen. Five volumes (2.5 mL per 0.5 g of plant sample) of 5% (v/v) cold perchloric 
acid were added to the resulting fine powder. The mixture were transferred to the plastic 
tubes and kept on ice for 1 h. After centrifugation at 15000 xg for 30 min at 4°C, the 
supernatants were combined and filtered using a filter syringe (pore size, 0.2µm). One 
milliliter of 2N NaOH was added to 1.5 mL of plant extract and mixed thoroughly. 
Then 10 µL of benzoyl chloride was added and the mixture was incubated at room 
temperature for 20 min. After adding 2 mL of saturated NaCl and 2 mL of diethyl ester, 
samples were vigorously mixed and then centrifuged at 3000 xg for 10 min at 4°C for 
phase-seperation. An aliquot (15 mL) of the organic solvent phase was evaporated and 
the residue was resuspended in 50 µL of methanol. Benzoylated PAs were analysed 
with a programmable Agilent 1200 liquid chromatograph using a reverse-phase column 
(4.6 x 250mm, 75K-GEL ODs-80Ts, TOSOH, Tokyo, Japan) and detected at 254 nm. 
One cycle of the run took 60 min in total with a flow rate of 1 mL/min at 30°C; i.e., 
42% acetonitrile for 25 min for PA separation, increased to 100% acetonitrile over 3 
min, 100% acetonitrile for 20 min for washing, decreased to 42% acetonitrile over 3 
min, and finally 42% acetonitrile for 9 min. 
 
Trypan blue staining 
Staining was performed as described in Bowling et al. 1997 and Mackey et al. 2002. 
In brief, N. benthamiana leaves were soaked in the dye solution consisting of a 1:2 ratio 
of lactic acid-phenol-trypan blue solution (25% phenol, 25% lactic acid, 25% glycerol 
and 0.5 mg/mL Trypan blue) and 100% ethanol, and heated at 95 °C for 2 min. Then 
leaves were destained several times with 2.5 mg/mL chloral hydrate solution. 
 
DAB staining  
DAB staining was performed as described by Thordal-Christensen et al., (1997). In 
4 days after infiltration, agro-infiltered N. benthamiana leaves were cut out by cork 
borer. Leaf discs were then immersed in the freshly prepared DAB solution (1 mg/mL) 
in 10 mM phosphate buffer (pH 7.8) and incubated at room temperature for 8 h under 
continuous light until brown spots were observed. Then the leaf discs were subjected for 
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bleaching in hot ethanol, followed by 70% ethanol wash. Samples were then observed 
under microscope (LG-PS2, Olympus). 
 
Colorimetric determination of hydrogen peroxide 
 Hydrogen peroxide levels were determined as the method described by Messner and 
Boll (1994). In brief, leaves (200 mg) agro-infiltrated with DTT.BiP3/Spm.BiP3 with 
Tm were homogenized in cold 100 mM potassium phosphate buffer (pH 7.0) containing 
10% polyclar. Homogenate was then centrifuged at 15,000 rpm for 20 min at 4°C. 
Supernatant was transferred to a new tube and 10 µL horseradish peroxidase (1 mg/mL 
in phosphate buffer) was added. Next 10µL ABTS (50 mM) was added to the previous 
solution, mixed and the O.D was measured at 415 nm. The concentration of H2O2 was 
calculated according to the standard curve. 
 
Statistical analysis 
Student’s t tests were used for statistical analysis and were performed using 
Microsoft Excel statistical tools. 
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Chapter I 
 
Spermine is a novel inducer of the unfolded protein response in Arabidopsis 
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Results 
Spm induces the expression of not only bZIP60 but also bZIP17 and bZIP28, and 
their target genes in Arabidopsis 
To date, there are three genes encoding ER membrane tethered transcription factors 
(TFs), bZIP17, bZIP28 and bZIP60, which are sensors/transducers for mediating ER 
stress triggered UPR in Arabidopsis (Liu and Howell, 2010; Iwata and Koizumi 2012; 
Howell 2013). As mentioned, the former laboratory members identified bZIP60 gene as 
one of the Spm-responsive gene (Tateda et al. 2008; Mitsuya et al. 2009).  
I examined the expressional response of bZIP60, bZIP17 and bZIP28 in Arabidopsis 
upon 0.5 mM Spm treatment. As a positive control, I treated Arabidopsis with the 
canonical UPR inducer, DTT (2 mM). I confirmed the expression of bZIP60, bZIP17 
and bZIP28 is induced by DTT treatment (Fig. 4). Similarly all the bZIP60-, bZIP17- 
and bZIP28-transcripts accumulated upon Spm treatment (Fig. 4). Next I tested the 
expression of the respective target genes of bZIP60, bZIP17 and bZIP28. The tested 
genes are: binding immunoglobulin protein3 (BiP3), target gene of bZIP60; HB-7 
(homeobox gene), Nam-like, PP2C-like, RD20, target genes of bZIP17; calnexin 
(CNX1), calreticulins (CRT1 and CRT2), BiP1 and BiP2), target genes of bZIP28. 
Similarly to DTT, Spm induced Bip3, HB7, Nam-like, PP2C, RD20 expression. The 
CNX1 and CRT2 expression was also induced by Spm treatment (Fig. 4). I further tested 
the phenomenon, that the key TF genes of the UPR and their respective target genes 
were induced by Spm treatment, using a qRT-PCR method. bZIP60 and its target BiP3, 
bZIP17 and its target HB-7, and bZIP28 and its target CNX1 were upregulated with Spm 
treatment as well as DTT treatment (Fig. 5). The above results indicate that Spm is a 
novel inducer of the UPR in Arabidopsis. 
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Fig. 4. Spm induces the expression of three key bZIP transcription factor genes in 
Arabidopsis UPR-signaling pathway. Ten-day-old Arabidopsis WT (Col-0) seedlings 
were treated with Spm (0.5 mM) for 12 h or DTT (2 mM) for 5 h. Transcript levels of 
bZIP60, bZIP17, bZIP28 and the respective downstream target genes were examined by 
RT-PCR analysis. 
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Fig. 5. Upregulation of the three key bZIP genes and their downstream target 
genes by Spm was validated by real-time RT-PCR. The same cDNAs described in 
Fig. 1 legend were used. A. bZIP60, B. Bip3; C. bZIP17; D. HB-7; E. bZIP28; F. CNX1. 
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Spm activates the splicing of the bZIP60 transcript in an IRE1-dependent manner 
It is known that the bZIP60 transcript is spliced by an RNase activity of IRE1 (Deng 
et al. 2011). I examined whether the splicing of the bZIP60 transcript is activated by 
Spm treatment. The unspliced form (SPU) of the bZIP60 transcript was detected after 1 
h of Spm treatment, and at 3 h of the treatment the spliced form (SPS) was clearly 
detected (Fig. 6). The BiP3 transcript was detected at the time point of the bZIP60 SPS 
detection (Fig. 6).  
 
Fig. 6. Kinetics of bZIP60 splicing. (A) A schematic representation of bZIP60 
transcript with the position and orientation of primer pairs used for detection of 
unspliced (SPU) and spliced (SPS) forms of bZIP60 after UPR activation. (B) Time 
course RT-PCR analysis of SPU and SPS forms of bZIP60 gene and its downstream 
target gene BiP3 at indicated time intervals in control and Spm (0.5 mM) treated Col-0 
seedlings. Numbers of PCR cycles were indicated within brackets in right margin. Actin 
was used as an internal control. 
 
Next I addressed whether IRE1 is involved in the splicing of Spm-induced bZIP60 
transcript. For that, I used the IRE1 T-DNA insertion mutants, ire1a and ire1b, which 
were provided by Prof. Howell (Iowa State University)(Fig. 7A). An ire1aire1b double 
 19 
 
mutant was generated by crossing. The homogeneity of the T-DNA insertion in the 
resulting ire1aire1b mutant was confirmed by genome DNA-PCR analysis (Fig. 7B).  
 
 
Fig. 7. (A) Schematic representation of genome organization and T-DNA insertion sites 
of ire1a and ire1b mutants. Dark and light grey boxes indicate coding regions in ire1a 
and ire1b, respectively and white boxes represent untranslated regions. (B) Genome 
DNA-PCR analysis of WT (Col-0), ire1a, ire1b and ire1aire1b mutants by using 
specific primers mentioned in the Table 1. 
In addition, I also used the bzip60 loss-of-function mutant. Those mutant seedlings 
were treated with or without 0.5 mM Spm. The total RNAs prepared from the plant 
samples were subjected to RT-PCR analysis. In bzip60, the SPU and SPS forms of 
bZIP60 transcripts and BiP3 transcript were not detected upon Spm treatment (Fig. 8). 
In ire1b, the levels of the SPS form of bZIP60 transcript and BiP3 transcript were 
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attenuated compared to those of wild type (WT) plant. In ire1a, the attenuation was 
more mildly occurred. In the double mutant, the SPS form of the bZIP60 transcript and 
BiP3 transcript were negligible even after Spm treatment (Fig. 8). The result indicates 
that the splicing of the Spm-induced bZIP60 transcript is mainly mediated by IRE1B. 
 
 
Fig. 8. IRE1 dependence of Spm-induced bZIP60 splicing. Ten-day-old seedlings of 
Col-0 (control), ire1a (SALK_018112) single mutant, ire1b (SAIL_238_F07) single 
mutant, bZIP60 (SALK_050203) single mutant and ire1aire1b double mutant were 
treated with ½ MS solution as a control (-) and ½ MS solution containing 0.5 mM Spm 
(+). Results of RT-PCR for expression analysis of SPU and SPS forms of bZIP60 and 
its downstream gene BiP3 are displayed. Actin was used as internal control. 
 
PA specificity of UPR induction 
I examined PA specificity on this phenomenon. Among the genes induced by Spm 
only a few such as bZIP28 were also induced by the same concentration of Spd (Fig. 9). 
Of interest, T-Spm had the stronger induction activity on those genes (Fig. 9). Such the 
inducing ability of T-Spm on the other Spm-signaling pathway member genes was 
reported (Sagor et al. 2012), while the physiological significance remains unclear.  
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Fig. 9. PA specificity to induce UPR. Ten-day-old Arabidopsis seedlings were treated 
with different PAs (0.5 mM) for 12 h. Total RNA was extracted from the treated plants. 
UPR activation was assayed by RT-PCR analysis of bZIP60 SPU, bZIP60 SPS, bZIP17, 
bZIP28 and their target genes BiP3, PP2C, CRT1, respectively. Actin was used as an 
internal control. 
 
Subcellular localization of bZIP17 and bZIP60 proteins upon Spm treatment 
bZIP17 and bZIP60 encode the bZIP-type TF proteins. To accomplish their roles as 
TFs, their products have to reach to nuclei. I generated the GFP:bZIP17 and 
GFP:bZIP60 fusion plasmids and delivered them to onion epidermal cells. Before Spm 
treatment, both the fusion proteins seemed to be localized in ER because the green 
fluorescent signals overlapped with the red fluorescent signals emitted by the 
ER-positive marker (Fig. 10A, B). Upon Spm treatment, the green fluorescent signals 
from both the fusion proteins were merged to the red fluorescent signals emitted from 
the nucleus-targeting marker plasmid, indicating that bZIP17 and bZIP60 proteins were 
recruited to nuclei after Spm treatment as well as after DTT treatment (Fig. 10A, B). 
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Fig. 10. Nuclear localization of GFP:bZIP17 and GFP:bZIP60 fusion proteins after 
Spm treatment. The plasmids encoding GFP:bZIP17 and GFP:bZIP60 proteins were 
co-bombarded to onion bulbs with the plasmid encoding an ER marker peptide tagged 
with Ds-Red or with the plasmid encoding a nuclear marker protein VirD2_NLS using a 
particle gun. The bombarded samples were treated with or without Spm (0.5 mM) for 
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16 h under darkness at 22°C. The samples were also treated with DTT at 2 mM as a 
positive reference. Then onion epidermal cell layers were peeled off and observed by a 
fluorescence microscope. (A) GFP:bZIP17 fusion protein under normal condition (i-iii); 
DTT treatment (iv-vi) and Spm treatment (vii-ix). (B) GFP:bZIP60 fusion protein under 
normal condition (i-iii); DTT treatment (iv-vi) and Spm treatment (vii-ix). 
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Summary of chapter I 
 
In this chapter, I showed Spm has an activity to induce the expression of three key 
TF genes, bZIP60, bZIP17 and bZIP28, in UPR of Arabidopsis. I further showed the 
expression of the downstream target genes of those TFs were up-regulated. In the case 
of bZIP60 induction by Spm, the unspliced form of bZIP60 transcript was detected at 1 
h upon the treatment, followed by the detection of the spliced form of bZIP60 transcript 
and a bit delayed that of BiP3 transcript. Furthermore, I verified that the splicing of the 
bZIP60 transcript is mediated mainly by IRE1B using the T-DNA insertion mutant. Spd 
had a weaker induction activity of the expression of UPR key TF genes, while the 
induction activity of T-Spm is even stronger than that of Spm. The physiological 
significance of T-Spm activity remains to be answered. Lastly, I showed that bZIP17 
and bZIP60 proteins were recruited from ER to nuclei by Spm treatment. All the results 
support the idea that Spm is a novel inducer of the UPR in Arabidopsis. 
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Chapter II 
 
Upstream components of spermine-induced unfolded protein response in Arabidopsis 
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At the beginning of this chapter, I once more describe the components of the 
‘Spm-signaling pathway’ in N. tabacum. Spm secreted to the apoplast triggers two 
things; the one is Ca2+ entry to cytoplasm which presumably occurred by the activation 
of plasma membrane-localized Ca2+-channel. The other is the enhanced production of 
reactive oxygen species (ROS) such as H2O2 by the reaction of polyamine oxidase 
(PAO). The sources for these evidences are experiments using a Ca2+-channel blocker 
and a ROS scavenger. The merged signals of the increased Ca2+ concentration and ROS 
production lead to mitochondrial malfunction, followed by the activation of MAPK 
cascade, which triggers the transcriptional induction of defense-related genes and cell 
death-associated genes (Fig. 11, left). In contrast to N. tabacum, such the information 
lacks for A. thaliana. Furthermore, it remains to be answered whether the hypothetical 
components are positioned upstream of Spm-induced UPR (Fig. 11, right). 
 
Fig. 11. Comparison of Spm-signaling pathways between tobacco and Arabidopsis. 
In N. tabacum, the components of MAP kinase cascade involved in Spm-signaling 
pathway were identified. Those were NtMEK2 and its downstream kinases, 
wound-induced protein kinase (WIPK) and salicylic acid-induced protein kinase (SIPK). 
On the other hand, these components were not determined in Arabidopsis. 
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Results 
Identification of Spm-induced MAPK cascade in Arabidopsis 
In A. thaliana, there are more than 60 MAPK kinase kinases (MAP3K), 10 
MAPKKs (MKK) and 20 MAPKs (MAPK Group, 2002). Therefore, I examined 
whether any MKKs are up-regulated by exogenously applied Spm. Of 10 MKKs, MKK9 
was strikingly induced by Spm (Fig. 12). The levels of MKK4 and MKK5 transcripts 
were also accumulated at the lesser extent compared to those of MKK9 (Fig. 12).  
 
Fig. 12. Identification of the MAPK cascade components in Spm-signaling pathway 
of Arabidopsis. Ten-day-old Arabidopsis seedlings (WT) were treated with or without 
0.5 mM Spm for 12 h. Total RNAs were prepared from the seedlings, then the RT-PCR 
was performed with the respective MKK primer pairs (A) and MPK primer pairs (B) 
listed in Table 1. 
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Previous research showed that the downstream MAPKs of MKK9 are MPK6 (SIPK 
ortholog) and/or MPK3 (WIPK ortholog) (Colcombet and Morris, 2008; Yoo et al. 
2008; Zhou et al. 2009; Rodoriguez et al. 2010). So, I tested the expressional response 
of MPK3 and MPK6 upon Spm treatment. The RT-PCR result showed that expression 
of both MPK3 and MPK6 was up-regulated by Spm treatment (Fig. 12). 
Dr. Sagor in our laboratory has generated the transgenic Arabidopsis plants 
overexpressing SPMS gene. I used the three independent lines and denoted them SPMS 
OX_1, _15 and _21 in this study. I validated the strongly enhanced expression of SPMS 
gene in those transgenics with qRT-PCR (Fig. 13A). Concordant with the expression, 
Spm content in all the transgenics was about 6-fold higher than that of WT. T-Spm 
content was comparable between WT and the transgenics, whereas Put content was 
approximately 3-fold higher than that of WT, and oppositely Spd content in the 
transgenics was approximately one-fourth of that of WT (Fig. 13B).  
  
Fig. 13. Generation of the transgenic Arabidopsis plants overexpressing SPMS. A. 
The SPMS transcript levels in the three SPMS_OX transgenic lines. B. PA contents in 
the three SPMS_OX transgenic lines. 
 
Hence the transgenics SPMS_OX_1, _15 and _21 are the Spm accumulated plants 
and the expression of MKK9, MPK3 and MPK6 in such plants was examined. As 
expected, the levels of MKK9 and MPK3 transcripts were ca. 5 to 6-fold higher and 
twofold higher than those of WT, respectively (Fig. 14A,B). The MPK6 transcript levels 
were also a bit but clearly higher than those of WT (Fig. 14C).  
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Fig. 14. The transcript levels of MKK9, MPK3 and MPK6 in the SPMS_OX 
transgenic lines. The levels of MKK9, MPK3 and MPK6 transcripts were quantitatively 
determined by a real-time RT-PCR using the primer pairs listed in Table 2. 
 
Collectively I assumed that Arabidopsis plant uses MKK9-MPK3/MPK6 modules 
as the components of the Spm signaling pathway (Fig. 15).  
 
Fig. 15. Comparative illustration of the MAPK cascade components of 
Spm-signaling pathways between tobacco and Arabidopsis. In A. thaliana, MKK9 
and two downstream MAPKs, MPK3 and MPK6, are the components in Spm-signaling 
pathway. 
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Next I addressed whether the expression of the key TF genes in UPR pathway is 
modulated in the SPMS_OX plants. In all the transgenic lines, the levels of bZIP17 
transcript were about 1.2-1.3-fold higher than in WT (Fig. 16). The levels of bZIP28 
transcript in the SPMS_OX_1, _15 and _21 were about 1.8-, 3.2- and 3.0-fold higher 
than in WT, respectively (Fig. 16). The bZIP60 transcript was accumulated at more than 
9-fold levels compared to that of WT (Fig. 16). In in vivo Spm accumulated plant, all 
three key TF genes of the UPR were induced, although with different degrees. The 
result again supports the idea that Spm activates UPR pathway. 
 
 
Fig. 16. The transcript levels of bZIP17, bZIP28 and bZIP60 in the SPMS_OX 
transgenic lines. The levels of bZIP17, bZIP28 and bZIP60 transcripts were 
quantitatively determined by a real-time RT-PCR using the primer pairs listed in Table 
2. 
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Spm-induced UPR pathway is mediated by the MAPK cascade.  
Then the question arose whether all the paths of bZIP17, bZIP28 and bZIP60 in the 
UPR are positioned downstream of the MKK9-MPK3/MPK6 cascade. To answer this 
question, I used the T-DNA insertion mutants of MKK9, MPK3 and MPK6. The T-DNA 
insertion sites in MKK9, MPK3 and MPK6 were displayed in Fig. 17A. The 
homogeneity of the T-DNA insertion in the mutants, mkk9, mpk3 and mpk6, was 
confirmed by the genome DNA-PCR (Fig. 17B). The levels of MKK9-, MPK3- and 
MPK6-transcript in the mkk9, mpk3 and mpk6 mutants were null in relative to those of 
WT, respectively (Fig. 17C).    
 
Fig. 17. Identification of the loss-of-function mutants, mkk9, mpk3 and mpk6. A. 
Schematic illustration of the genome organization of MKK9, MPK3 and MPK6 and the 
T-DNA insertion sites in their genes. The primer position and their orientation (for 
genome DNA-PCR) were also illustrated by arrows. B. Genomic PCR analysis of (i) 
MKK9; (ii) MPK3; (iii) MPK6 genes. C. Expression analysis of (i) MKK9; (ii) MPK3; 
(iii) MPK6 genes. ACTIN was used as a loading control. 
 
Using those loss-of-function mutants, I examined the levels of bZIP60, bZIP17 and 
bZIP28 transcripts upon Spm treatment. The expression of bZIP17, bZIP28 and bZIP60 
was not enhanced by Spm treatment in the mkk9 mutant (Figure 18A). The expression 
of their target genes was also not induced by Spm in the mkk9 mutant (Figure 18B). The 
expression of the bZIP genes and their target genes was more or less similarly induced 
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by Spm in the mpk3 and mpk6 mutants (Figures 18A, B). The result may be explained 
that MPK3 and MPK6 have redundant function to transduce the Spm-signal.  
 
Fig. 18. Spm response of bZIP17, bZIP28 and bZIP60 in the loss-of-function mutants, 
mkk9, mpk3 and mpk6. 
 
Spm-induced UPR pathway is dependent on Ca2+-entry to cytoplasm 
Next I asked whether the enhancement of Ca2+ concentration is prerequisite for UPR 
induction by Spm treatment (Fig. 19). I applied the Ca2+-channel blocker, La3+, to the 
plant samples treated with Spm. Upregulation of bZIP60, bZIP17 and bZIP28 was 
totally attenuated in the plants treated with Spm and La3+ (Fig. 19). The splicing of 
bZIP60 transcript and induction of BiP3 were not occurred when the plants were treated 
with La3+ (Fig. 19). Induction of the target genes of bZIP17 and bZIP28 was also 
blocked by La3+ treatment (Fig. 19). To sum up, all the UPR pathways induced by Spm 
require the increment of Ca2+ concentration.  
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Fig. 19. Calcium channel blocker, La3+, attenuates the induction of bZIP17, bZIP28 
and bZIP60 by Spm treatment. RT-PCR analysis of bZIP60, bZIP17 and bZIP28 and 
their respective downstream target genes. Control, cDNA prepared from Arabidopsis 
plants incubated in ½ MS solution; Spm treated, cDNA from the plants incubated in ½ 
MS solution containing 0.5 mM Spm for 12 h; Spm and La3+-treated, cDNA from the 
plants incubated in ½ MS solution containing 0.5 mM Spm and 0.5 mM La3+ for 12 h. 
Actin is a loading control. 
 
 
 34 
 
Summary of Chapter II 
 
Summary of this chapter was depicted in Fig. 20. In this chapter, I found that a 
MKK9-MPK3/MPK6 cascade plays an important role in Spm-signaling pathway in 
Arabidopsis. I further confirmed that the levels of MKK9, MPK3 and MPK6 transcripts 
increased in the Spm accumulated transgenic plants. In the transgenic plants, bZIP17, 
bZIP28 and bZIP60 transcripts accumulated, however, the respective induction was 
quite different; the former two, bZIP17 and bZIP28 transcripts increased about 1.2- to 
1.3-fold and 2 to 3-fold, respectively, and the latter increased about more than 9-fold. In 
the loss-of-function mutant, mkk9, the induction of bZIP17, bZIP28 and bZIP60 by Spm 
was alleviated, indicating that Spm-induced UPR is mediated by the 
MKK9-MPK3/MPK6 cascade. Furthermore, all the UPR pathways induced by Spm 
require the enhanced Ca2+ concentration to trigger the signaling pathway.  
 
Fig. 20. Summary of this chapter. I showed the Ca2+ entry to the cell is important to 
transduce the signaling pathway. I also demonstrated, in Arabidopsis, that the activation 
of MKK9-MPK3/MPK6 pathway precedes the induction of key bZIP TF genes.  
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Chapter III 
 
 
Spm induces the longer BiP3 transcript than that by a canonical UPR inducer 
---What is a physiological significance of it?--- 
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Results 
One of the Spm-induced BiP3 transcripts is longer than that of DTT- and salicylic 
acid (SA)-induced ones 
There are three BiP genes, BiP1 (At5g28540), BiP2 (At5g42020) and BiP3 
(At1g09080), in Arabidopsis. Here I compared the levels of BiP-1, -2 and -3 transcripts 
and their sizes in the Arabidopsis plants treated with Spm, DTT and SA. Nagashima et 
al. (2014) recently showed that SA activates two signaling arms, namely bZIP28 and 
bZIP60, of UPR in Arabidopsis. Therefore, I also tested SA in this study. BiP1 and 
BiP2 genes have a basal expression which was slightly induced by Spm (Fig. 21).  
 
Fig. 21. Profile of the RT-PCR product(s) patterns of three BiPs using three different 
treatments, Spm (0.5 mM) for 12 h, DTT (2 mM) for 5 h, and SA (0.5 mM) for 10 h. 
Actin was used as a loading control.  
 
At physiological condition, no BiP3 expression was observed, whereas, once Spm, 
DTT or SA was applied, BiP3 was strikingly induced. The Spm-induced BiP3 
transcripts have at least two different sizes. The fast migrating BiP3 transcript had 
apparently the same size as that of DTT- and SA-induced ones, thus the other slow 
migrating BiP3 transcript was longer in size (Fig. 21). Next I performed the time-course 
RT-PCR analysis. At 3 to 6 h after Spm treatment, slow migrating is also present but at 
reduced level only the fast migrating BiP3 transcript was detected, and, at 9 h, the two 
different transcripts in size co-existed, after 12 to 24 h, the major transcript was the 
slower migration form (Fig. 22). 
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Fig. 22. Time course analysis of the RT-PCR products using F1 and R1 primer pair 
and the cDNAs prepared from the Arabidopsis samples treated with Spm for the 
indicated time periods (h). 
 
In Fig. 23A, I schematically drew the genome organization of BiP3. The gene is 
consisting of 6 exons and 5 introns. Using the F1 and R1 primers, I did PCR and 
detected three fragments. Direct DNA sequencing revealed that the two upper bands are 
the fast and slow migrating fragments derived from the BiP3 and a faster migrating 
fragment corresponded to the mitochondrial heat shock protein 70 (Fig. 23B). The slow 
migrating fragment contained the 2nd and 3rd introns in addition to the exon regions, 
indicating that somehow the splicing was suppressed. I did PCR again using the F2 and 
R2 primers. Using the cDNA template from Spm-treated plant, two sizes of BiP3 
transcripts were detected, the one is approximately 2.6 kb and the other is about 2.1 kb. 
When I used the cDNAs from DTT-treated plant, only the about 2.1 kb fragment was 
detected (Fig. 23C). The 2.6-kb fragment could be similar to the PCR product of 
Arabidopsis genomic DNA and the above primer pair. I tested this hypothesis.  
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Fig. 23. Genome organization of BiP3 (A), RT-PCR products using the cDNA of 
Spm-treated plants (12 h) and F1 and R1 primer pair (B). Comparison of the RT-PCR 
products from Spm-treated and DTT-treated plants using primer pairs F1/R1 and F2/R2, 
respectively (C). 
 
The PCR products using the genome DNA and the cDNA derived from Spm-treated 
plant were indeed similar and larger than that of the cDNA derived from DTT-treated 
plant (Fig. 24A). Then I digested the aliquots of them by EcoRV and HindIII restriction 
enzymes. The restriction patterns of the fragments derived from the genome DNA and 
from the cDNA of Spm-treated plant were almost similar, supporting my assumption 
that Spm-derived BiP3 cDNA contains all the introns (Fig. 24B). The similarity of the 
two PCR products was further verified by DNA sequencing.  
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Fig. 24. Comparison of the amplified fragments using the cDNAs prepared from the 
Spm-treated- and DTT-treated-Arabidopsis plants (A) and the restriction fragment 
patterns of these amplified fragments (B). A. As a reference, the amplified fragment 
derived from Arabidopsis genomic DNA using the primers, F2 and R2, was 
co-electrophoresed (gDNA) B. The amplified DNA fragments shown in (A) were 
recovered from the agarose gel, digested with EcoRV or HindIII, and then 
electrophoresed. 
 
Identification of the transcriptional start site of Spm-induced BiP3 transcript  
To confine the transcriptional start site of Spm-induced BiP3 transcript, I designed 6 
forward primers (designated P1 to P6) (Fig. 25A). Using the combinations of P primers 
and R1 primer, RT-PCR was performed. When I used the cDNA from DTT-treated 
plant, no fragment was detected (Fig. 25B). On the other hand, in the cDNA from 
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Spm-treated plant, P1 to P5 primer but not P6 primer produced the fragments, indicating 
that the transcriptional start site locates in the region between P5 and P6 primers.  
 
 
Fig. 25. The upstream sequence of BiP3 gene (A) and RT-PCR analysis to narrow 
down the transcriptional start site of Spm-induced Bip3 transcript (B). The nucleotide 
position is counted that the A of the start codon, displayed in capital letters, is +1 and a, 
just left next of ATG is -1. RT-PCR was performed using a combination of six forward 
primers (the underlined sequences) and R1 reverse primer (see Table 1).  
 
   In P6 to R2 primer-region, there are 30 open-reading frames which probably encode 
2 to 255-amino acid-peptides. Only the 255-amino acid region corresponds to the part 
of DTT-induced BiP3 transcript. The rest of the ORFs did not show any significant 
homology to the known proteins and peptides (Fig. 26).  
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Fig. 26. The ORFs in Spm- and DTT-induced BiP3 transcripts. Blue thick bars 
represent the ORFs. The position of the blue bars indicate the 1st (top), 2nd (middle) and 
3rd (below the black line) reading frames, respectively. A red thick bar region 
corresponds to the part of the amino acid sequence deduced from DTT-induced BiP3 
ORF (indicated by a thin red-solid line). In addition, the 60-amino acid-peptide 
encoding region (marked by a black arrow) and 113-amino acid-peptide encoded region 
(marked by a green arrow) correspond to the part of the amino acid sequence derived 
from DTT-induced BiP3 transcript.  
 
Possible function of Spm-induced BiP3 transcript 
To address the function of the BiP3 transcript induced by Spm, Spm-induced BiP3 
transcript or DTT-induced BiP3 transcript was co-expressed with Bax, a cell 
death-inducing factor, and also with tunicamycin at 3 µg/mL concentration with the 
usage of agro-infiltration method. The representative result was shown in Fig. 27 and 
Fig. 28.  
   It is known that Bax permeabilises mitochondrial outer membrane and induces the 
release of cytochrome c, which triggers apoptotic cell death (Dewson and Kluck 2009). 
When Spm-induced BiP3 transcript was co-expressed with mouse Bax (Fig. 27) and 
co-infiltrated with tunicamycin (Fig. 28), both the cell death symptoms were 
compromised, whereas DTT-induced BiP3 transcript seemed not to have such the 
activity (Figs. 27 and 28A). The tunicamycin-induced H2O2 production in the leaves 
infiltrated with Agrobacterium cells expressing DTT-induced BiP3 transcript was 
higher than that in the leaves infiltered with Agrobacterium cells expressing 
Spm-induced BiP3 transcript (Fig. 28B-D). 
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Fig. 27. Bax-induced cell death was suppressed in leaf area overexpressing 
Spm-induced BiP3 transcript compared to leaf area overexpressing DTT-induced 
BiP3 transcript  .(A) Leaf phenotype of N. benthamiana leaves infiltrated with A. 
tumefaciens GV3101 carrying pEΏ12.Bax vector (upper left), with A. tumefaciens 
GV3101 carrying an empty vector (EV, pGR106) (upper right), with A. tumefaciens 
GV3101 carrying pGR106:DTT-BiP3 (lower left)and pGR106:Spm-BiP3 (lower right), 
respectively  The Agrobacterium cells expressing Bax and Agrobacterium cells 
expressing Spm-induced BiP3 or DTT-induced BiP3 were mixed with 1:2 (v/v) ratio 
and co-infiltrated into N. benthamiana leaves. After 4-day-incubation, leaf phenotype 
was photo-recorded. (B) Trypan blue staining. After taking a photograph, the leaf was 
subjected to trypan blue staining to detect the dead cells. The indicated leaf areas were 
enlarged. Bar indicates 5 mm. 
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Fig. 28. Tunicamycin-induced cell death assay. (A) Leaf phenotype of N. 
benthamiana leaves infiltrated with A. tumefaciens GV3101 carrying DTT-induced 
BiP3 (left side of leaf) and Spm-induced BiP3 (right side of leaf). Lower parts are the 
magnified images. (B) Trypan blue staining. The leaf shown in A was stained by trypan 
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blue. Lower parts are the magnified images. Bar indicates 5 mm. (C) DAB staining of 
infilterated leaves with A. tumefaciens GV3101 carrying Spm-induced BiP3 (left side of 
leaf) and DTT-induced BiP3 (right side of leaf). (D) Concentration of accumulated 
H2O2 in infiltered leaves. 
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Summary of chapter III 
 
I have happened to find that the Spm-induced BiP3 transcripts are heterogeneous. Of 
three bands detected in RT-PCR the second largest from Spm-induced BiP3 
corresponds to the DTT-induced BiP3 transcript. The smallest band corresponds to a 
mitochondrial heat shock protein 70, indicating that it was an artifact. The longest 
Spm-induced BiP3 transcript contained all the introns and the transcriptional start site 
differed from the one of the transcript of DTT-treated cells. Such the BiP3 transcript 
variant contains 30 ORFs. Among them, the three ORFs (255-amino acid-encoded ORF, 
113-amino acid-encoded ORF and 60-amino acid-encoded ORF) were showed the 
100% identity to the amino acid sequence deduced from the DTT-induced BiP3 
transcript. The transition from the authentic BiP3 transcript to the longer BiP3 transcript 
occurred at 6 h after Spm treatment. Bax-induced cell death was compromised when the 
Spm-induced BiP3 transcript was co-expressed whereas it did not occur when the 
DTT-induced BiP3 transcript was co-expressed. In other word, the Spm-induced BiP3 
transcript is able to negatively control the Bax-induced cell death while DTT-induced 
BiP3 transcript does not affect the cell death reaction. Tunicamycin-induced cell death 
was also suppressed by Spm-induced BiP3 transcript but not by the DTT-induced BiP3 
transcript. The result may be explained either by enhanced ROS scavenging activity or 
suppression of ROS production due to the presence of the Spm-induced BiP3 transcript.  
 
  
 46 
 
Table 1. RT-PCR 
Gene name  Sequence (5'-3') 
bZIP17.Fw ACGGTACCATGGCTGAACCAATCACCAAGGAG 
bZIP17.Rv CGGGATCCTCAAGCTTCACTCTTCTTACTCTCGGACT 
PP2C-like.Fw TGACGATCACATGGCTGAGATTTGT 
PP2C.Rv TCAACGCAACAACCTCCATGTCCAT 
RD20.Fw CCGAATGGAACAGAAGGTCACGATA 
RD20.Rv TTCCATCAAAGCAACCTCTCACAGC 
NAM-like.Fw AATTGGATCATGCATGAGTATCGTC 
NAM-Like.Rv TTGCGTCAGCATTTCATCATCACAT 
HB-7.Fw GAGCAACCACAACAAGAACAATCAG 
HB-7.Rv ATCTCCATCTCCGGTCTAACCTCTT 
bZIP28.Fw ACGGTACCATGACGGAATCAACATCCGTGGTTG 
bZIP28.Rv CGGGATCCTCAACTTTTACCCTCATTCTTCTTACTCTCT 
CNX1.Fw ATGAGACAACGGCAACTATTTTCC 
CNX1.Rv AAGACAAAAATTTCTCAAACTTGG 
CRT1.Fw GCAATGGCGAAACTAAACCCTA 
CRT1.Rv CTTCTGCTTCTTCCTCAGCGTC 
CRT2.Fw TTCTTATCGGTCTTGTTGCGAT 
CRT2.Rv ACACATGGGTGAGCTGGTCAGT 
BiP1.Fw CAAAAGGAAGCTCTCTCTGTGTTC 
BiP1.Rv GTCTCACCATCCTTGATCTTGACT 
BiP2.Fw TGATCCCAAGAAACACGGTT 
BiP2.Rv TCCGCCTGATCTCTGGTAAA 
bZIP60.Fw GAAGGAGACGATGATGCTGTGGCT 
bZIP60.Rv CCAAAGCAGGGAACCCAACAGCAG 
BiP3.Fw TTCGACCCGAAACGTCTGATTGGA 
BiP3.Rv GCTTGCCTCTGCGCATCATTGAAA 
bZIP60-UB1 GCAGGGATTCCAACAAGAGCACAG 
bZIP60-SB2 AGCAGGGAACCCAACAGCAGACT 
ACTIN.Fw  CTTACAATTTCCCGCTCTGC 
ACTIN.Rv GTTGGGATGAACCAGAAGGA 
BiP3.F1 TTCGACCCGAAACGTCTGATTGGA 
BiP3.R1 GCTTGCCTCTGCGCATCATTGAAA 
BiP3.F2 ACAAACGAGATCGAAGAAGAGT 
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BiP3.R2 AGCTGCAAATCCTATAGCTAACC 
BiP3.PF1 CTAAATACGAATCATACTGAAGCACA 
BiP3.PF2 AAATAACCCATTAAGCTTACGTGTC 
BiP3.PF3 GCGATGACGATTTAATGTCACG 
BiP3.PF4 GAAGTCGTAAAACCTTTGAAAG 
BiP3.PF5 TGTTTTGGATAACTATACATAC 
BiP3.PF6 CACCTCACCGCATATGCACTAG 
Ire1b.Fw CTCATCTCTATGTGCAAAGCTATCAG 
Ire1b.Rv AAGAACTCTTCATTGTTACAGTAATCAA 
Ire1a.Fw GATTCTACTGAAGGAGTGGCTGCTTA 
Ire1a.Rv CTTCCCTACAATGCAGAGAGATGACT 
T1-R TGGTTCACGTAGTGGGCCATCG 
T2-R GCTTCCTATTATATCTTCCCAAATTACCAA 
At.MKK1.Fw CGACGTCGACGACATGAAC 
At.MKK1.Rv AGGGTATGTGCCCACGAAAG 
At.MKK2.Fw TTGTTGACCAACCGCCACCCG 
At.MKK2.Rv TGCAAGTGGCGATCCTGCATCTG 
At.MKK3.Fw TGCGGCACTGGAGAGTTTCCG 
At.MKK3.Rv GAGCGATTTTGCGTGGTGCC 
At.MKK4.Fw CGGTGAAAAGCCGTCCCCGT 
At.MKK4.Rv ACCGTTCCACCTGCTCCGCT 
At.MKK5.Fw ACCGAATCGGAAGCGGAGCC 
At.MKK5.Rv CCTGAGACGCCGTAGCCGGA 
At.MKK6.Fw TGGACCGTGGATCTCTTGCGGA 
At.MKK6.Rv AGCTTGGCGGGTTTTGCTGA 
At.MKK7.Fw CCACCGCCCCCGTCATCAAC 
At.MKK7.Rv CGGAGTTTTCTCCGGCGGCA 
At.MKK8.Fw CGCTCGAGTCTCTACGCGGG 
At.MKK8.Rv CGCGGCTTGGTCTGGTAGCAT 
At.MKK9.Fw ACTACGCGGCGGTGTAACGG 
At.MKK9.Rv AGGTCTCTGTCCCGGCGGAAG 
At.MKK10.Fw GGTCACCGTCGAAGCCGACAT 
At.MKK10.Rv CGCCCAATCCGGTTTATCCCCA 
At.MPK3.Fw CCAGCTACTTCGAGGACTGA 
At.MPK3.Rv TGAGTGCTATGGCTTCTTGG 
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At.MPK6.Fw TCCTGAACGCAAACTGCGACCT 
At.MPK6.Rv GCAAGCGCCTCGCGGTAG 
T-DNA LB TGGTTCACGTAGTGGGCCATCG 
mkk9.Fw GTGGAGCTATGTCTATAAGGC 
mkk9.Rv GCACCATGGAATAGAGAGAAGAAG 
mpk.3.Fw ATTTTTGTCAACAATGGCCTG 
mpk3.Rv TCTGCCTTTTCACGGAATATG 
mpk6.Fw ATTGTTGCAATCAGAGATATTATCC 
mpk6.Rv CTGTGATTCTCCGTCTAGGATCAAA 
 
Table 2. qRT-PCR 
Gene name Sequence (5'-3') 
bZIP17.qRT-PCR.Fw TGAAGGTGTTGCAGGTCCC 
bZIP17.qRT-PCR.Rv ACGTTGGTAGCTGCAGGAAT 
bZIP28.qRT-PCR.Fw CAGCAATGCTTCCGCATTCA 
bZIP28.qRT-PCR.Rv ATCCATTAGTGGCCCTGAG 
bZIP60.qRT-PCR.Fw ACGAAGAAGGAGAGTAAGAAAT 
bZIP60.qRT-PCR.Rv GCAACGAAGCACTCAAGCAT 
HB7.qRT-PCR.Fw GTCTCTGAGTTGCAGAGGCT 
HB7.qRT-PCR.Rv GTTTACGCCTCCGGTTCTCT 
BIP3.qRT-PCR.Fw CACAGCGAAGATGACGAGG 
BIP3.qRT-PCR.Rv CAAACTTGACATCAAAGCTG 
CNX1.qRT-PCR.Fw AGCCTGAGGTTTCCTTTTGC 
CNX1.qRT-PCR.Rv ACAGAACCGTTTGATCGTCAC 
AtMPK3.qRT-PCR.Fw TCCCTGGTAAAGACCATGTTCA 
AtMPK3.qRT-PCR.Rv TCGGTGTGCCAAGCAACTC 
AtMPK6.qRT-PCR.Fw TCCTGAACGCAAACTGCGACCT 
AtMPK6.qRT-PCR.Rv GCAAGCGCCTCGCGGTAG 
AtMKK9.qRT-PCR.Fw ACTACGCGGCGGTGTAACGG 
AtMKK9.qRT-PCR.Rv AGGTCTCTGTCCCGGCGGAAG 
AtSPMS.qRT-PCR.Fw ATGGAGGGAGACGTCGGAATAGGTT 
AtSPMS.qRT-PCR.Rv AGAAGCCAGAAGTGAAGCTACTTC 
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Table 3. Plasmid construction 
Gene name  Sequence (5'-3') 
AtbZIP17-SmaI-F ATCCCGGGATGGCTGAACCAATCAC 
AtbZIP17-SacI_M-Rv TAGAGCTCTCAAGTGGTCACAAGATGAGGCGCTCC 
AtbZIP17-SacI_M-Fw GATGGTGAATTCGAACTCACTTTC 
AtbZIP17-SacI_M-Rw ACCGTCGAAAGTGAGTTCGAATTCA 
AtbZIP60-SmaI-Fw ATACCCGGGATGGCGGAGGAATTTGG 
AtbZIP60-SacI-Rv TATGAGCTCTCACGCCGCAAGGGTTAA 
GFP.Fw 
CTTGGATCCAAGGAGATATAAGAATGGGTAAGGGA
GAAGAACTTTTC 
GFP.Rv 
TATCCCGGGGCCCCCAGAGCCTCCTTTGTATAGTTC
ATCCATGCCATG 
 
 
Table 4. BiP3 plasmid construction 
Gene name  Sequence (5'-3') 
Bip3.Not1.F 
ATAAGAATGCGGCCGCACAAACGAGATCGAAGAAGAGT
TC 
BiP3.HA.Sal1.R 
ACGCGTCGACTCAAGCATAATCTGGAACATCGTATGGAT
ATAACTCATCGTGATCATCTC 
BiP3.P6F.NoT1.F ATAAGAATGCGGCCGCTGTTTTGGATAACTATACATAC 
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Discussion 
 
Spm activates three pivotal bZIP genes and their target genes in UPR 
Previous research showed that exogenous Spm induces the expression of 
Arabidopsis bZIP60 and its ortholog, NtbZIP60, of Nicotiana tabacum (Tateda et al. 
2008; Mitsuya et al. 2009). I addressed whether Spm induces bZIP60 specifically or 
rather induces the whole UPR process. The result indicated that Spm induces not only 
bZIP60 but also bZIP17 and bZIP28 expression (Figs. 4, 5). In the case of bZIP60, an 
IRE1-dependent splicing process was also activated by Spm (Figs. 6, 7). Furthermore, I 
could speculate that the proteolytic bZIP17 and bZIP28 processing may also be 
activated by Spm because their downstream target genes such as HB-7 (encoding a 
homeobox-leucine zipper protein), RD20 (encoding a calcium binding EF hand protein), 
CNX1 and CRT2 were concomitantly upregulated (Fig. 4). I further confirmed that Spm 
can recruit bZIP17 and bZIP60 protein to nuclei in plant cells (Fig. 10). In addition, 
endogenously accumulated Spm also activates UPR (Figs. 13, 16). Collectively I 
conclude that Spm is a novel inducer of UPR. 
 
Spm-induced UPR pathway is mediated through the MAPK-signaling pathway. 
Previous work showed that Spm activates two kinds of MAPKs, SIPK and WIPK, 
and this activation requires the production of reactive oxygen species and Ca2+ influx in 
tobacco leaves (Fig. 11; Takahashi et al. 2003, 2004). For induction of all the bZIP 
genes, bZIP17, bZIP28 and bZIP60, the enhanced Ca2+ influx is required because a 
Ca2+-channel blocker totally suppresses the induction (Fig. 19). The Arabidopsis 
genome contains 10 MKK genes and 20 MPK genes (MAPK group, 2002). Arabidopsis 
MPK6 and MPK3 are the respective orthologs of SIPK and WIPK. Colcombet and Hirt 
(2008) summarized the Arabidopsis MAPK signaling pathway involved in various 
biological processes. The MKK9-MPK3/MPK6 cascade was used in ethylene signaling 
(Yoo et al. 2008). In addition, the MKK9-MPK3/MPK6 cascade is involved in 
production of the phytoalexin camalexin in Arabidopsis, and in salt stress response (Xu 
et al. 2008). Furthermore, the MKK9-MPK6 cascade plays a role in leaf senescence 
(Zhou et al. 2009). I showed that, in mkk9 mutant, Spm-induced bZIP17, bZIP28 and 
bZIP60 expression was significantly alleviated, while, in mpk3 and mpk6, the bZIP17, 
bZIP28 and bZIP60 induction by Spm was more or less occurred, suggesting that 
Spm-evoked Ca2+-elevation activates MKK9-MPK3 cascade followed by bZIP17, 
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bZIP28 and bZIP60 induction (Figure 18). It should be noted that, in mammalian 
system, IRE1 activates JNK protein kinases (Urano et al. 2000). To know whether 
Arabidopsis IRE1 can activate the MKK9-MPK3/MPK6 pathway is of interest. 
 
How does Spm induce UPR? 
I noticed that the Spm-induced expression profile of three UPR key genes and their 
target genes differs from the one induced by the typical UPR inducer, DTT. For 
example, Spm upregulates BiP3 exclusively, whereas DTT upregulated all BiPs (Noh et 
al. 2003). Martinez and Chrispeels (2003) described that the respective UPR agents 
have different effects; i.e., the genes induced by tunicamycin and DTT, known as 
typical UPR inducers, are different in Arabidopsis. It is quite reasonable because 
tunicamycin affects N-glycosylation whereas DTT changes the cellular redox state (Liu 
and Howell 2010). Then the question arises how Spm induces the UPR. Spm-induced 
expression of bZIP17, bZIP28 and bZIP60 genes was blocked by a Ca2+ channel blocker 
(Fig. 19). Spm- and T-Spm-deficient Arabidopsis plants cannot grow well in 
Ca2+-depleted MS media (Yamaguchi et al. 2006), suggesting that the tetraamines are 
involved in Ca2+ dynamics and homeostasis. PAs are known to modulate Ca2+ dynamics 
via control of cation channel activity (Dobrovinskaya et al. 1999). Furthermore, the 
action potential to regulate cation channels is the order of Spm>Spd>Put, which may 
explain the PA specificity to evoke UPR induction (Fig. 9). As exogenously applied 
T-Spm also induces Spm-responsive genes at the higher degree compared to Spm (Fig. 
9; Sagor et al. 2012b), T-Spm may possess a similar or the higher action potential in 
terms of modulating cation channels in relative to Spm. Another type of UPR inducer 
such as thapsigargin affects Ca2+ homeostatic balance. Thapsigargin leads to ER Ca2+ 
depletion due to inhibition of the Sarco/ER Ca2+ ATPase (SERCA) (Xu et al. 2004). 
Taken together, I propose that Spm may induce UPR pathway through affecting Ca2+ 
dynamics. Of course further study is needed to substantiate this hypothesis. 
 
Physiological relevance of Spm-induced UPR 
When the bZIP60 ortholog of N. benthamiana was silenced by a virus-induced gene 
silencing approach, the host plant became hypersensitive to non-host bacterial pathogen 
(Tateda et al. 2008). bZIP60 was upregulated when the avirulent Cucumber mosaic 
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virus (CMV)-Y strain but not the virulent CMV-B2 strain was used to infect 
Arabidopsis ecotype C24 which carries the resistance gene, RCY1, to CMV-Y (Mitsuya 
et al. 2009). In the C24-CMV-Y pathosystem, Spm synthase gene was upregulated and 
Spm content increased (Mitsuya et al. 2009). I assume the resulting Spm may activate 
UPR. The H2O2 produced by Spm catabolism would be transmitted to cells surrounding 
the HR-caused cells, thereby inducing the UPR in such cells. The UPR would be a good 
defense against viral infection, since the virus would not be able to replicate properly in 
the cells undergoing UPR. Recently, Moreno et al. (2012) showed that 
IRE1/bZIP60-mediated UPR plays distinct roles in plant immunity. The authors showed 
that SA, an important phytohormone in immune response, can induce 
IRE1/bZIP60-mediated UPR. Nagashima et al. (2014) further showed that SA activates 
two signaling arms, namely bZIP28 and bZIP60, of the UPR in Arabidopsis. Those 
results suggest that bZIP60 (or its ortholog) has a defensive role against avirulent 
pathogens. In contrast, bZIP17 and bZIP28 were found to be associated with drought, 
ABA and high salinity, and heat stress, respectively (Soderman et al. 1996; Liu et al. 
2007; Liu and Howell 2010). Exogenously applied Spm showed a protective role 
against salt, drought and heat stresses, and attack by viral pathogens (Yamaguchi et al. 
2006, 2007; Mitsuya et al. 2009; Sagor et al. 2012a), which may partly be explained by 
the UPR induction by Spm. 
 
Physiological role of Spm-induced BiP3 transcript variant 
Of three BiP genes, BiP1 and BiP2 induction was rather mildly occurred whereas 
BiP3 induction was drastic by DTT, SA and also by Spm (Fig. 21). Upon Spm 
treatment, I detected the longer BiP3 transcript variant which contains all introns (Fig. 
21). This variant was not detected by DTT or SA treatment. At 6 h after Spm treatment, 
the majority of the BiP3 transcripts were the same as that induced by DTT or SA (Fig. 
21). But at 9 h after Spm treatment, the ratio of the variant and the authentic transcript 
levels was almost equal, then after, the variant became dominant (Fig. 22). The 
transcriptional start site of the variant differed from the DTT-induced transcript (Fig. 
25). In the variant, there are 30 ORFs and the longest ORF and the 2nd longest ORF 
encode 255-amino acid- and 113-amino acid peptides (Fig. 26). These two ORFs 
correspond to the parts of the authentic BiP3 amino acid sequence. In addition, the other 
ORF which encodes a 60-amino acid-peptide also shows the identity to a part of the 
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authentic BiP3, but the other 27 ORFs did not show any homology to the known 
proteins. BiP protein is reported to play a role in the defense against various stresses. 
For instance, AtBiP2 alleviates Cd2+-induced cell death in tobacco BY-2 cells (Xu et al. 
2013). BiP attenuated stress-induced cell death via suppressing the early responsive to 
dehydration 15 (ERD15)-N-rich proteins (NRPs) mediated pathway in soybean (Reis et 
al. 2011). BiP3 negatively regulates XA21 -mediated innate immunity in rice (Park et al. 
2010). XA21 is a pattern recognition receptor which recognizes a sulfated peptide 
secreted by rice bacterial pathogen, Xanthomonas oryzae (Lee et al. 2006). 
Recently it was reported that, in mammalian leukemia cells, a BiP transcript variant 
was detected and its product resides in cytoplasm. Those authors showed that the 
encoded protein causes survival of leukemic cells by inhibiting the PERK arm of 
UPR-signalling pathway (Ni et al., 2009, 2011). I can hypothesize that one possible role 
of the Spm-induced BiP3 variant is to modulate the cell death events by an unknown 
mechanism. How this BiP3 variant functions during pathogen response needs further 
investigation.  
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